Abstract Reactions at oxide mineral -electrolyte interfaces such as adsorption of hydrogen ions, metal ions and anions as well as dissolution and nucleation are discussed in terms of a unified model which is based on reactions of surface hydroxyls ES-OH, where =S stands for the coordinatively undersaturated surface metal atoms. Adsorption of metal ions M*+ involves formation of surface complexes (~-0 ) , , M '~-"~+ whereas adsorption of anions L1-is based on ligand exchange to form ( I S " , L '~+ ' ) -.
INTRODUCTION
Among the variety of surface reactions, the adsorption of metal ions and ligands from aqueous solution to oxide mineral surfaces have recently found some special interest. Such processes are thought to play a major role in the transport of both metal ions and ligands in the environments. The classical view of these processes is based on electrostatics. Minerals in aquatic environments exhibit a surface potential ' P that is controlled by the concentrations of the s o called potential determining ions in the aqueous phase. For oxides minerals Y is assumed to be controlled by hydrogen ions and thus by the pH of the aqueous solution. Negatively charged ligands are assumed to be adsorbed at positively charged surfaces formed at low pH values. The adsorption of metal ions is expected to require negatively charged surfaces that are formed at elevated p H values. Experimental observations were considered to be in agreement with these expectations although the pronounced difference in the adsorption behavior of metals ions such as Pb2' (that exhibits strong affinity to oxide surfaces) and Cd" (that is only weakly bound) was not predictable from electrostatics. In 1972 James and Healy (ref. 1) noticed that Co" ions readily adsorb on positively charged TiO, surfaces. This observation gave rise to a change in our perception of the above specified adsorption processes. The essence of this new paradigm is the surface complexation model that has been developed by Werner Stumm and the present author (ref. 2 ) and extended by many researchers such as James A. Davis (ref. 3 ) , Francois M. M. Morel (ref. 4 ) and John C. Westall (ref. 5 ). The present paper gives a personal account of this development. Special emphasis will be placed on correlations between surface reactions and reactions in solution.
THE CONCEPT
In the corse of a study on the adsorption of metal ions at amorphous silica (ref. For the case of solvent extraction the sigmoid type curves reflect the equilibria Mz*(aq) + Z HL(,) = ML,(,) + z H+(aq) (1) where the indices (as) and ( 0 ) refer to aqueous and organic phases respectively. In search of a surface ligand which acts like the dissolved ligand HL in solvent extraction we recalled the early work of Hair (ref. 9 ) and Peri (ref. 10) which presents ample evidence for oxide and hydroxide surfaces being covered with surface hydroxyl groups. Similarly, sulfide surfaces seem to contain surface SH groups. For the subsequent discussion surface hydroxyls will be symbolized by =S-OH, where =S stands for the coordinatively undersaturated surface metal atoms. The chemistry of these surface hydroxyl groups can be characterized as follows (ref. 11): The presence of two lone electron pairs and a dissociable hydrogen indicates that these groups are potential ampholytes. It is thus reasonable to assume that surface hydroxyls can both accept and release a proton:
Deprotonated surface hydroxyls exhibit Lewis base behavior. Adsorption of metal ions is thus understood as complex formation involving one or several surface hydroxyls:
IS-OH
The hitherto published studies seem to indicate that n does not exceed a value of 2. Since the coordination sphere of the adsorbed metal is thus only partially occupied by the surface ligands, additional ligands L from the solution may be acquired:
The surface species formed in reaction (6) is called a type A ternary surface complex. Although the formation of type A ternary surface complexes leads to adsorption of anions (ligands), the principal mechanism of anion (ligand) adsorption is based on ligand exchange. Again one or two surface hydroxyls may be involved:
In cases where L is a polydentate ligand anchoring at the surface with one or two ligand atoms, further ligand atoms may be used to bind metal ions from solution :
The species formed in the reaction ( 9 ) is a type B ternary surface complex.
FORMULATING EQUILIBRIUM CONSTANTS
Let us consider the simple equilibrium (4). The intrinsic microscopic equilibrium constant is defined by the equation
where a, denotes the activity of the surface species i. For convenience this activity will be expressed as the product of the surface concentration {i} (in mol per kg of adsorbing solid) and the surface activity coefficient yi (in kg mol-l) :
It is possible to measure the surface concentrations {SOH} and {ISOM}. It is sometimes convenient to express the concentrations of the surface species in the same units as the concentrations of the solutes (mol d r K 3 ) . This conversion can be performed by the equation
where A is the mass of suspended solid mineral (kg) and V is the volume of the solution ( d m 3 ) . It is, unfortunately, in most cases not possible to experimentally evaluate the surface activities a,, and aM, respectively. At equilibrium, the electrochemical potentials of H ' and Mz' are equal in both phases :
The electrochemical potential of a species i in a phase j is given by
where Y is the potential at phase j, z, is the charge number of the species i and p*"is the standard potential. In the presence of an ionic medium of constant ionic strength, the activities of solute species can, without any loss of rigor, be replaced by concentrations. By choosing the standard states to be the same in both phases and by assigning a zero potential to the aqueous solution, we obtain Combining (10a) and (15) results in K" = p ! i n t ) r ( 1 6 where
(17 is the experimentally accessible conditional stability constant and
collects terms that contribute to deviation from ideality
NUMERICAL IMPLEMENTATION
The previous section leaves us with the problem of evaluating intrinsic stability constants from the experimentally accessible conditional constants. Any solution of this problem requires awareness of the physical nature of the factors that are responsible for the non-ideal behavior. These factors are: a) The above mentioned surface potentials that originate from the adsorption of charged species. Note that in this paper the concept of potential determining ions is used in an extended sense as to include every kind of adsorbed ions. For the simple case that only one charged species is adsorbed, the surface potential will vanish at zero surface coverage. For the case of simultaneous adsorption of various charged species, the surface potential will again vanish at zero surface coverage and in addition at conditions where the charges of the adsorbed species compensate each other. b) Lateral interactions (both attraction and repulsion) based on coulombic and van der Waals forces. Again these lateral interactions will vanish at zero surface coverage. c) Surface heterogeneity i. e. the presence of IS-OH groups with different binding properties that is in turn reflected by different I?,int, values. At low surface coverage, adsorption will be based on reaction with surface hydroxyls with maximum I?,int) values.
With charged species there is a strong overlap of the first two factors, and the above mentioned separation of r into terms comprising surface potentials and activity coefficients, respectively, is not unambiguous.
Studies at low surface coverage
From the above considerations it becomes evident that the effect of both surface potentials and lateral interactions and thus the difference between K" and @ ( i n t ) decrease with decreasing surface coverage and may eventually escape experimental observation. Hence the above (Fig. la) shown data on trace adsorption of Pb(II), Cu(I1) and Cd(I1) on TiO, were modelled with the aid of conditional constants.
Extrapolation techniques
In favorable cases where adsorption can be described by just one reaction leading to a single surface complex i, the intrinsic stability constant can 
Double layer techniques
By double layer techniques we will designate the various methods used to evaluate K",int) on the basis of equations (16) The models have in common that they neglect lateral interactions assuming, therefore, unit surface activity coefficients. They are furthermore presumed to be equivalent in fitting the experimental data (ref. 15 ) although this conclusion was drawn from a rather limited set of experimental data.
They differ in their perception on how the Gibbs free energy of adsorption is split into and AG(COU1~ = zmJ (23) They differ, moreover, in the number of adjustable parameters. Whereas the Gouy-Chapman models does not require any adjustable parameter, both the constant capacitance and the Stern model contain a specific capacitance as an adjustable variable. The triple layer model requires values for both the inner and the outer Helmholtz capacitance. Therefore, the different models produce somewhat different values of I?(int) and sometimes even different surface species. Despite of these complications, the use of double layer techniques is strongly indicated for elucidating adsorption processes involving several simultaneous reactions. Westall's (ref. 16 ) FITEQL is an almost ideal computer program for evaluating intrinsic stability constants of simultaneously occurring surface reactions. Finally ligand exchange involving IS-OH groups correlates fairly well with ligand exchange equilibria of monohydroxo complexes in solution (Fig. 4) . On the basis of the known stabilities of hydroxo species in solution one can thus get estimates of unknown surface stability constants. Moreover, the observed correlations give some support for the assumption of surface species being true inner sphere complexes.
CORRELATIONS BETWEEN SURFACE COMPLEXATION A N D COMPLEX FORMATION IN SOLUTION
ES-OH + H' Kasl M(OH) ( z . l ) + + H,O = M ( o H ) , + + H ' *K, ES-OH = ES-0-+ H' Kaa2 M(OH),O + H,O = M(OH) ( z + l ) -+ H' * K ( z + l ) b) Adsorption of metal ions IS-OH + Mz' = H-OH + Mz' = IS -OM' '-') 2 IS-OH + Mz' = 2 H-OH + M z + = + H ' *PI H-OM'~-,) + H ' 'Kl (S-O), + 2 H ' *pS2 (HO),M'~-~)+ + 2 H' 'p2
SUPPORT FROM SPECTROSCOPY
Further evidence for surface coordination has been provided by ESP and W - 
CONCLUSIONS AND APPLICATIONS
Looking at oxide mineral -water interfaces from the point of view of solution chemistry offers a consistent and convenient way for describing adsorption equilibria. Adsorption of H', OH', metal ions and anions can now be handled the same way as solution equilibria. This unification was found to be useful in computers programs for modeling soil solutions and other natural aquatic systems (refs. 28, 29) . In addition, the surface complexation model offers a key for understanding dissolution and nucleation reactions.
Proton assisted dissolution
The rate of dissolution of oxides in known to increase with increasing hydrogen ion concentration. In many cases the observed reaction order with respect to H ' is, however, a non-integer number. For instance, the dissolution of Be0 in HClwas found to follow the rate law
Furrer and S t u m (ref. 3 0 ) have shown that reaction orders corresponding to integer numbers are obtained if the reaction rates are related to the surface concentrations csH of Hi, i.e. the concentrations of protonated surface hydroxyls :
The underlying mechanism is thought to consist of two (BeO) or three (A120,) fast protonation steps followed by the rate determining detachment step. In the course of these investigations a series of oversaturated CaF, solutions were prepared and reacted with CeO, seeds. Surprisingly, the range of nucleation was restricted to the range where both Ca2' and F-are adsorbed. The rate of nucleation was found to follow the equation R = C~~~( C " , )~ where cSca and csF are the surface concentrations of adsorbed Ca2* and Frespectively.
